In eukaryotes, several processes mediate the packaging of a large linear genome into a relatively small nucleus. The association of DNA with architectural proteins create s an entity known as chromatin. The fundamental unit of chromatin, the nucleosome, is formed by the wrapping of 147 base pairs of DNA around core histone proteins 1 . Higher-order nucleosome packing and chromatin compaction create a chromosome. It has long been appreciated that chromosome folding and compaction are crucial for faithful mitotic chromosome segregation and cell division. It is now clear that in interphase the positioning of chromosome domains relative to each other and to nuclear landmarks is not random and has important roles in genome function 2, 3 . Chromosomal regions harbouring ribosomal DNA (rDNA) repeats, which provide the foundation for the ribosome manufacturing compartment known as the nucleolus, are preferentially located at the nuclear periphery in yeast and closer to the centre of the nucleus in mammals 4, 5 . The main silent chromatin domains can localize to the nuclear periphery in different organisms. For example, all yeast telomeres localize at the periphery, and perinuclear telomeres are present in flies, plants and mammals 3, [6] [7] [8] [9] [10] . Centromeres also localize to the nuclear periphery in yeast, flies and plants 8, 11 . However, strictly linking the nuclear periphery to transcriptional repression would be an oversimplification. Whether perinuclear association of DNA favours, represses or does not affect transcription varies depending on the locus itself, how it is recruited to the periphery and how it is positioned relative to various nuclear neighbourhoods 2 .
The nucleus is spatially defined by two membrane bilayers, the inner nuclear membrane (INM) and outer nuclear membrane (ONM), which are perforated by nuclear pores that control traffic in and out of the nucleus (FIG. 1a) . Some INM and ONM proteins interact in the nuclear lumen and form trans-envelope linkages that physically connect nuclear chromatin to cytoplasmic filaments in several organisms, including yeast, worms and mammals [12] [13] [14] . Thus, the nuclear envelope can be viewed both as a divider and physical linker between the nucleus and cytoplasm. In animal cells, intermediate filament proteins called lamins form a web between the INM and DNA and connect nuclear pores to each other (FIG. 1a) . Lamins help maintain the spherical geometry of nuclei in organisms with large genomes. Mutations in lamins, nuclear membrane proteins and their binding partners are associated with several human diseases including muscular dystrophies and laminopathies, highlighting the importance of perinuclear molecular interactions 15, 16 . Although lamins are not present in plants and fungi, many proteins of the INM, ONM and nuclear pores are conserved on a structural and functional level, suggesting that the mechanisms involved in organizing nuclear contents are at least partially conserved. Whereas proteins that are integral to the INM are generally linked to transcriptional silencing, nuclear pore complexes (NPCs) or their components have been linked to both transcriptionally inactive and active loci in different organisms 3, [17] [18] [19] [20] [21] ( FIG. 1a) . In addition to its impact on gene expression, perinuclear DNA positioning has been linked to the protection of the DNA sequence itself in several recent studies conducted mainly in yeast 4, [22] [23] [24] [25] [26] [27] . Nature Reviews | Molecular Cell Biology Here, we review how the non-random organization of DNA relative to the nuclear periphery affects genome expression and stability. First, we discuss the effect of perinuclear DNA association on chromatin and gene expression. Second, we discuss the role of emerging perinuclear networks of protein-protein and protein-DNA interactions in regulating DNA recombination and repair, and highlight the relationships of these networks to gene expression. We conclude by discussing how these processes are integrated at the nuclear periphery, highlighting common themes and pending questions.
Perinuclear gene expression
The study of DNA spatial organization was revolutionized by the introduction of the concept of radial subnuclear positioning, which measures the location of a genetic locus along an axis extending from the centre of the nucleus to its periphery 28 . By suggesting that a gene-dense chromosome is internal and a gene-light chromosome is perinuclear, early studies relying on radial DNA positioning launched the quest to determine whether the position of a gene affects its function 28 . Since then, many questions have been answered but even more have emerged.
Perinuclear proteins in silencing. DNA-tagging methods have been used to assess the extent of perinuclear DNA positioning on a genome-wide scale. One such method is DNA adenine methyltransferase identification (DamID), which can detect loci located near the nuclear periphery by identifying DNA that becomes methylated following the expression of the Escherichia coli Dam methylase fused to a protein located at the nuclear periphery, such as an INM or lamin protein 29 . These studies revealed that transcriptionally silent chromosomal domains are more likely to interact with perinuclear landmarks such as lamins in both flies and humans 20, 21 . These domains are poor in active chromatin marks, are flanked by regions enriched in insulator protein-binding sites and often contain coregulated genes. Interestingly, lamin-associated genes can be released from lamins on transcriptional activation following treatment with histone deacetylase inhibitors, suggesting that silencing promotes perinuclear association 20 . These findings support a long-standing and classical view of heterochromatin as dense chromosomal regions residing primarily next to the nuclear membrane [30] [31] [32] . Several recent studies looking at specific loci or reporter genes have also physically linked silent chromatin to the nuclear periphery 4, 22, 26, [33] [34] [35] [36] [37] . One of the earliest of these studies revealed that the artificial weakening of a silencer sequence adjacent to the budding yeast Saccharomyces cerevisiae HMR mating-type locus (BOX 1) caused the locus to be released from the nuclear periphery and become transcribed 33 . More importantly, artificially returning this crippled locus to the periphery by marking it with sequence tags and expressing a sequence tag-binding protein fused to a perinuclear protein restored silencing at the HMR locus. However, complete removal of the silencer element rendered the HMR locus transcriptionally active whether or not it was targeted to the nuclear periphery. This was an early indication that perinuclear targeting and other factors are important for silencing in natural settings and that anchoring alone may not be sufficient for silencing. In fact, a peripheral gene can remain silent even when excised from its location in the yeast genome, providing that heterochromatin factors Figure 1 | The nuclear periphery and gene expression. a | An overview of perinuclear components and compartments. The nuclear envelope encompasses an outer nuclear membrane (ONM) and an inner nuclear membrane (INM), which are perforated with nuclear pore complexes (NPCs). In animal cells, filamentous proteins called lamins form a web between the INM and DNA, connect nuclear pores to each other and help maintain the spherical geometry of the nucleus. INM proteins and lamins are frequently implicated in transcriptional gene silencing. Perinuclear NPCs can be preferentially associated with active loci (as in yeast) or silent loci (as in Drosophila melanogaster and humans), depending on the species. At least in fly cells, nucleoplasmic NPC components are localized to active loci in the nuclear interior. The membrane of the endoplasmic reticulum (ER) is continuous with the ONM. b | Although active or silent chromatin compartments exist at the nuclear periphery, the effect of gene targeting to a perinuclear compartment depends on the presence or absence (yes or no, respectively) of transcriptional regulators (activators or repressors) at that compartment and the regulatory sequence elements controlling transcription at the targeted locus. Transcriptional effects related to the relocation of two genes to different perinuclear compartments are shown. Scenarios with increased transcription (black arrows), decreased transcription (red X marks) or unaltered transcription (dashed arrows) are shown. 
Intermediate filament protein
A member of a large family of cytoplasmic and nuclear proteins that polymerize into stable filaments of ~10 nm in diameter.
Muscular dystrophies
A group of diseases characterized by the gradual loss of muscle structure and function. These diseases can be caused by mutations affecting various proteins, including lamins and INM proteins.
Laminopathies
A group of diseases that include premature ageing syndromes and certain types of muscular dystrophies and are associated with mutations in genes encoding lamins.
DamID
A technology that identifies the DNA sites with which a protein interacts by fusing the protein to an adenine methyltransferase. This allows for site identification by detection of the foreign adenosine methylation mark across the genome.
Insulator protein
A protein that binds an insulator element, which is a genetic boundary element that can block enhancers.
Histone deacetylase
An enzyme that removes post-translational acetylation marks from amino acids on the tails of histone proteins.
Heterochromatin
A genomic region characterized by a compact form of chromatin that makes the DNA less accessible to the protein factors that usually bind.
B-type lamin
One of a group of proteins that include the ubiquitously expressed lamin B1 and lamin B2, which are encoded by the LMNB1 and LMNB2 genes, respectively. such as the silent information regulator (SIr) complex (composed of Sir2, Sir3 and Sir4) maintain interactions with the wandering gene 38, 39 . In mammalian cells, the effect of targeting reporter genes to the nuclear periphery ranged from very weak to strong with regard to transcriptional inhibition 34, 35, 40 . Whereas perinuclear tethering based on INM proteins (human lamina-associated polypeptide 2β (LAP2β; also known as TMPO) or mouse emerin) 34, 35 repressed transcription of several reporter genes, targeting methods that relied on lamins (human lamin B1, which is a B-type lamin) 40 only had negligible effects on gene expression (TABLE 1) . varying effects may be linked to different promoters and methodologies used. Nonetheless, the silencing of testis-specific gene clusters in fly somatic cells relies on recruitment of the clusters to the nuclear periphery by B-type lamins, which thus seem to control gene expression in natural settings 41 . Together, these findings suggest that the interaction of DNA with lamins or INM proteins is more closely associated with the silencing of gene expression.
Activation and silencing by NPCs. Is the nuclear periphery of eukaryotes strictly linked to the repression of trans cription? The answer is certainly not. In fact, several studies using genome-wide or targeted approaches have reported that the association of genes with NPCs promotes transcription in S. cerevisiae [42] [43] [44] [45] [46] [47] (FIG. 1a) . This association seems to be at least partly dependent on DNA zip codes called gene recruitment sequences (GrSs), which target DNA to the NPCs 48 . Furthermore, GrSs are functional in the fission yeast Schizosaccharomyces pombe, suggesting mechanistic conservation over a billion years of evolution 48 . Such sequences may help reveal why some loci are preferentially transcribed at or away from the nuclear periphery. Whether similar functions for NPCs exist in other organisms is unclear. Although NPCs have been primarily linked to transcriptionally active regions in Drosophila melanogaster, recent studies in this organism add another layer of complexity to the study of the role of NPCs in gene expression control [17] [18] [19] . Whereas the functional architecture of the NPC at the nuclear envelope mediates subcellular transport, various NPC components are dynamic and continuously exchange between the nucleoplasm and the nuclear pores, at least in larger eukaryotes such as rats and flies 18, 49 . This suggests that pools of NPC proteins may have different functions depending on their subnuclear localization. Indeed, it was recently proposed that nucleoplasmic NPC components can activate the expression of internally localized genes, whereas DNA-NPC interactions at the periphery may be linked to inactive genes in D. melanogaster 17, 18 ( FIG. 1a) . A genome-wide study revealed that the treatment of human cells with histone deacetylase inhibitors can exchange silent chromatin for active domains at the NPC 50 . Together, these findings suggest that association of DNA with NPCs may have differential effects on transcription depending on the organism, cell type, signalling cues and NPC component localization.
Perinuclear heterogeneity. It has long been known that yeast perinuclear compartments such as regions near the nucleolus, telomeric cluster regions and spindle pole body regions differ in protein and DNA composition 4, 51 . In addition, advances in high-resolution microscopy recently revealed that the nuclear periphery is not a monotone area but, instead, harbours different types of domains in mouse cells 52 . Although the exact protein and Three separate copies of mating-type information are located on chromosome III. The HMLα and HMRa loci contain copies of the α and a genes, respectively. Both of these loci are silenced by silent information regulator (SIR) proteins. The allele present at the MAT locus is expressed and determines the mating type. Mating-type switching involves the replacement of the allele present at the MAT locus with a copy of the α or a allele present at HMLα or HMRa. The S. cerevisiae ribosomal DNA (rDNA) locus is located on chromosome XII and contains a tandem array of ~190 repeated units (see the figure, part b). Each unit yields an RNA polymerase I (Pol I)-transcribed 35S precursor rRNA, which is processed into 25S, 18S and 5.8S rRNAs, and a Pol III-transcribed 5S rRNA. Each unit also contains intergenic spacers (IGS1 and IGS2) that maintain repeat integrity by mediating silent chromatin assembly and promoting perinuclear rDNA-repeat anchoring. IGS1 contains recombination-enhancing (RE) sequences that harbour replication fork-blocking sequences, which can stall replication forks and induce double strand breaks. The locations of the centromere (Cen), telomeres (Tel), Pol I transcription initiation region (TIR) and DNA replication origin (empty circle) are shown in the figure.
DNA composition of perinuclear domains is unclear, how such a differential organization may affect gene expression can be imagined. Whereas one domain might be enriched in a given transcriptional repressor, another can have a high concentration of a specific activator. Thus, effects on the transcription of a gene positioned in any of these perinuclear domains can depend on the nature of regulatory elements controlling the locus (FIG. 1b) . For example, a gene lacking regulatory elements required to recruit a specific activator is unlikely to be activated when recruited to a perinuclear domain where the activator is enriched. By contrast, localization of a repressive DNA element to a perinuclear region enriched in silencing factors boosts silencing. Consistent with this, artificial targeting of a chromosomal domain to the nuclear periphery can reversibly suppress the expression of some endogenous human genes located near the tethering sites and even genes further away 35 . However, the expression of many other genes is not detectably reduced and location at the nuclear periphery is not incompatible with active transcription. Furthermore, the observed reduction of gene expression at the periphery was dependent on histone deacetylases, suggesting that only some genes were sensitive to histone deacetylation at the periphery. Taken together, these findings reveal a complex heterogeneity at the nuclear periphery and highlight crosstalk between genes, genetic elements, perinuclear compartments and the nuclear envelope.
Chromosome organization at the nuclear periphery and the enrichment of specific components in perinuclear domains seem to involve positive feedback mechanisms. The clustering of yeast telomeres at the periphery is thought to increase the local concentration of silencing factors and this higher concentration may in turn promote further clustering 3, 51 . However, we note some exceptions to this interdependency. For example, as Bqt, bouquet formation protein; CLIP, chromosome linkage INM proteins; DSB, double strand break; Heh1, helix extension helix 1; INM, inner nuclear membrane; KASH, klarsicht-Anc1-SYNE homology; Kms, karyogamy meiotic segregation protein; LAP2β, lamina-associated polypeptide 2β; LEM, LAP2β-emerin-MAN1; Mps3, monopolar spindle 3; NHEJ, non-homologous end joining; NPC, nuclear pore complex; Nur1, nuclear rim 1; rDNA, ribosomal DNA; Slx, synthetic lethal of unknown function; SUN, Sad1-Unc84 homology. *Additional factors involved in perinuclear targeting of DNA such as the proteasome and specific histone deacetylase complexes are not presented here but are reviewed elsewhere 47, 116 . ‡ A modified MAT locus was used. mentioned above, silent chromatin domains in yeast can persist after their dissociation from the nuclear periphery 38, 53 . The activation of genes targeted to NPCs may also be a consequence of faster processing and export of transcripts rather than a targeted activation of transcription or alleviation of repressive mechanisms. The full extent of the compartmentalization of transcription at the nuclear periphery is only starting to emerge and needs further characterization.
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Perinuclear links to genome stability Does association with the nuclear periphery affect processes other than silent chromatin assembly and transcription? Can perinuclear DNA positioning regulate genome stability by regulating processes such as DNA repair, recombination or replication fork rescue? recent studies conducted primarily in yeast suggest that the answer to both of these questions is yes 4, [22] [23] [24] [25] [26] [27] [54] [55] [56] . These findings suggest that the radial positioning of DNA loci and the connections they establish at the nuclear periphery are crucial to genome replication and stability.
LEM domain proteins linked to rDNA stability. If not properly regulated, repetitive DNA sequences that are abundant in eukaryotes can initiate the gain or loss of chromosomal regions by engaging in homologous recombination, leading to genomic instability and cancer 57, 58 . S. cerevisiae is often used as a model system to study how eukaryotes stabilize chromosomes harbouring repetitive sequences. In this yeast, the rDNA locus, which is located on chromosome XII, contains a tandem array of ~190 repeating units encoding rNA polymerase Iand rNA polymerase III-transcribed rrNAs 59 (FIG. 2; BOX 1). rDNA repeats are spatially separated from the bulk of nuclear DNA and provide the foundation for the nucleolus (FIG. 2) . yeast has one crescent-shaped nucleolus that occupies up to one-third of the nuclear volume and abuts the INM. In addition to harbouring rrNA-coding DNA sequences, each unit contains intergenic spacers (IGS1 and IGS2), which regulate rrNA transcription and repeat integrity
. IGS1 contains recombination-enhancing sequences that can be activated by fork-blocking protein 1 (Fob1) [60] [61] [62] . Interestingly, In Saccharomyces cerevisiae, ribosomal DNA (rDNA) repeats sit next to the inner nuclear membrane (INM), are separated from the bulk of nuclear DNA and are located in the ribosome-manufacturing compartment, the nucleolus. Fork-blocking protein 1 (Fob1) binds and activates recombination-enhancing sequences in the first intergenic spacer (IGS1) of rDNA, thereby promoting recombination (1) . This function of Fob1 is repressed by several nucleolar factors, which include the regulator of nucleolar silencing and telophase exit (RENT) complex (composed of Net1 (also known as Cfi1), Cdc14 and silent information regulator 2 (Sir2)), the cohibin complex (composed of the monopolin subunits Lrs4 and Csm1) and topoisomerase-related factor 2 (Tof2). Suppression of Fob1 activity is linked to the ability of these factors to promote silent chromatin assembly in IGS1. Cohibin also interacts with the CLIP (chromosome linkage INM proteins) complex (composed of helix extension helix 1 (Heh1; also known as Src1) and nuclear rim 1 (Nur1; also known as YDL089W)), linking rDNA repeats to the nuclear envelope 4, 68 (2) . CLIP is required for the maintenance of rDNA repeat stability but not for silencing at IGS1 (REF. 4 ). The effects of deleting different members of the network on chromosome stability and silencing at rDNA repeats are indicated (1) . Cohibin has a role in silencing that is independent of its association with CLIP and rDNA perinuclear localization and may involve clustering IGS1 sites from different rDNA units, which are then attached to the INM through CLIP (2) . Perinuclear anchoring may also stabilize rDNA repeats by preventing their exit from the nucleolus and limiting their exposure to nucleoplasmic DNA repair centres (3), spreading the repeats along the INM to limit recombination-promoting long-range interactions between different rDNA units (4), and by promoting the alignment of sister chromatids during replication to limit aberrant recombination events 4, 66, 68 (5) .
RENT
A protein complex that ensures silent chromatin assembly at the intergenic spacers of ribosomal DNA, maintains the stability of ribosomal DNA repeats and prevents premature exit from the cell cycle.
Cohibin
A protein complex that maintains the stability of rDNA repeats by ensuring silent chromatin assembly and attachment to the nuclear periphery.
CLIP
A complex of INM proteins that maintains the stability of ribosomal DNA repeats by anchoring them to the nuclear envelope.
Emery-Dreifuss muscular dystrophy
A disease that is characterized by muscle wasting and cardiac defects and is associated with mutations in genes encoding lamins or the LEM domain protein emerin.
Fob1 mediates its own suppression by recruiting several nucleolar factors to IGS1. These factors are the protein complexes RENT (regulator of nucleolar silencing and telophase exit; composed of Net1 (also known as Cfi1), Cdc14 and the NAD + -dependent histone deacetylase Sir2) and cohibin (composed of the monopolin sub units Lrs4 and Csm1), as well as a protein with sequence homology to Net1 called topoisomerase 1-associated factor 2 (Tof2) [63] [64] [65] [66] [67] [68] (FIG. 2; BOX 1) . Suppression of Fob1-dependent recombination is linked to the ability of the reNT and cohibin complexes to induce rDNA silencing, which involves the establishment of less accessible chromatin structures, thereby preventing transcription by rNA polymerase II from endogenous or foreign prom oters positioned in IGS regions. This differs from rNA polymerase I silencing, which limits rrNA synthesis 4, [68] [69] [70] [71] [72] [73] . Chromatin-dependent silencing mechanisms similar to rDNA silencing are observed at the two other main loci in S. cerevisiae, the mating-type loci and telomeres, but the complexes that mediate silencing at these loci are different 74 
A combination of affinity purifications, proteomic analyses and chromosome and cell biology techniques have uncovered a network of protein-protein interactions extending from rDNA repeats to the nuclear envelope of S. cerevisiae 4 (FIG. 2) . Connection to the nuclear periphery relies on two integral INM proteins, helix extension helix 1 (Heh1; also known as Src1) and nuclear rim 1 (Nur1; also known as yDL089W), forming a complex called CLIP (chromosome linkage INM proteins) (FIG. 2) . Heh1, the orthologue of human MAN1, is a member of a family of INM proteins containing a highly conserved LAP2β-emerin-MAN1 (LeM) domain. LeM domain proteins are linked to multiple clinical conditions, such as Emery-Dreifuss muscular dystrophy, through emerging roles in several key processes including gene expression and chromatin organization 4, 15, 36, [75] [76] [77] [78] . CLIP physically links the rDNA-associated cohibin complex to the nuclear envelope. Interestingly, releasing rDNA repeats from the nuclear membrane by the disruption of CLIP compromises chromosome stability by promoting aberrant recombination events in the repeats without affecting rDNA silencing 4 (FIG. 2) . rDNA repeats unleashed from the nuclear envelope seem to accumulate lesions that can move from the nucleolus to the nucleoplasm, in which high concentrations of functional recombination proteins promote recombination events compromising chromosome stability 4, 79 (FIG. 2) . In addition, repeat instability can be partially repressed in mutant cells when rDNA is artificially tethered back to the INM 4 . General roles for LeM domain proteins in yeast genome stability are likely, as Heh1 also localizes to telomeres and contributes to their silencing 36 . Importantly, some functions of LeM domain proteins have emerged only after considering redundancies between members of this protein family and so future studies may benefit from similar considerations 80 . Taken together, these findings suggest that INMmediated perinuclear chromosome tethering has an important role in stabilizing the highly repetitive rDNA locus in S. cerevisiae, even though tethering is not required for silent chromatin assembly (TABLE 1; FIG. 2) . Thus, silencing and tethering are at least partly independent processes that stabilize rDNA repeats. However, cohibin, which links rDNA to the INM CLIP complex, is required for rDNA silencing 68 . This requirement indicates a role for cohibin in silencing that is independent of its role as an attachment point for CLIP. Although the function of cohibin in silencing is not understood, rDNA IGS regions cluster in the nucleolus 63 and the silencing function of cohibin may be linked to its possible role in this clustering (FIG. 2) .
Esc1 and SUN domain proteins: telomere protection.
In addition to LeM domain proteins, other classes of perinuclear proteins have been linked to various chromosomal domains, including telomeres. If not properly protected, telomeres can be recognized as DNA breaks and cause genomic havoc 81 . Cells have therefore evolved a number of mechanisms to protect telomeres and maintain genome stability.
In S. cerevisiae, 32 telomeres cluster in 4-8 foci at the nuclear periphery of interphase cells 3, 82 (FIG. 3a) .
The INM protein monopolar spindle 3 (Mps3) helps cluster telomeres at the nuclear envelope of yeast cells 83 .
Mps3 belongs to a family of INM proteins that contain a highly conserved domain called SuN (Sad1-unc84 homology) and are physically linked to several genetic loci 13 . This prompted others to closely examine the role of Mps3 in perinuclear telomere tethering and silent chromatin domains in interphase.
In S. cerevisiae, chromatin silencing at telomeres requires the SIr complex, Ku (composed of yeast Ku70 and Ku80) and other DNA-associated factors 74, [82] [83] [84] [85] [86] . Telomeres are tethered to the nuclear periphery by several mechanisms. A poorly understood mechanism relying primarily on Ku proteins is thought to tether telomeres to the nuclear envelope in G1 phase 82, 85 . We know more about S phase perinuclear telomere anchoring, which is only partially dependent on Ku proteins and relies on additional factors. In S phase, conventional telomere tethering relies on cooperation between the telomereassociated Sir4 and either Ku proteins or a perinuclear protein called esc1 (establishes silent chromatin 1). The SuN domain protein Mps3 was found to cooperate with Sir4 during S phase to promote perinuclear targeting and efficient silencing of telomeres in an esc1-independent manner 37 (FIG. 3b) . Therefore, Mps3 may be linked to telomeres by Ku or other Sir4-interacting factors to mediate perinuclear anchoring and clustering of telomeres and increase the local concentration of chromatin silencing factors. esc1 does not have a transmembrane domain and may rely on its known post-translational lipid modifications or another bona fide membrane protein to associate with the INM 86 . Future work should clarify the complex interactions linking S. cerevisiae telomeres to the nuclear envelope. Mps3 may also have broad effects on genome function, as loss of telomere clustering and subsequent dispersion of silencing factors across the genome results in widespread changes in gene expression, including the erroneous silencing of non-subtelomeric genes 87 . Nature Reviews | Molecular Cell Biology If Mps3 is crucial to telomere stability, then it might cooperate with other key factors that protect telomeres such as the enzyme telomerase. By templating DNA synthesis from its own rNA subunit, telomerase counteracts telomere shortening, which can accumulate over DNA replication and cell division cycles and induce senescence. Disruption of telomerase results in chromosome end joining and genomic instability 88 . In S. cere visiae, telomerase is composed of a telomerase reverse transcriptase catalytic core particle called ever shorter telomeres protein 2 (est2), its binding factors est1 and est3, as well as the rNA subunit Tlc1, which interacts with Ku proteins. A recent study tested the ability of LexA fusion proteins to mediate perinuclear anchoring of a chromosomal locus tagged with LexA-binding sites 24 . Among the proteins tested was a Sir4 bindingdeficient Ku80 protein fused to LexA. Interestingly, the ability of this modified Ku80 fusion protein to mediate perinuclear anchoring in S phase cells required est1 and interactions between the fusion protein and Tlc1. An est2-LexA fusion protein was also capable of mediating perinuclear anchoring in S phase cells in an est1-dependent manner. This S phase anchoring was only weakly affected by disruption of esc1. Perinuclear anchoring in G1 phase is less dependent on telomerase subunits and points to different requirements or Mps3 is linked to Sir4-Ku anchors, but recently identified Ku-Mps3 connections can contribute to telomere anchoring when Sir4-Ku interactions are compromised. Ku proteins are the main anchors in G1 phase 24, 37, [82] [83] [84] [85] [86] . c | NPCs are required for perinuclear telomere anchoring and non-homologous end joining (NHEJ)-dependent repair of subtelomeric DSBs 26 . d | Following DSB induction, two kinases (mitosis entry checkpoint 1 (Mec1) and telomere maintenance 1 (Tel1)) help target damaged replication forks to small ubiquitin-related modifier (SUMO)-targeted ubiquitin ligase (STUbL) complexes (composed of synthetic lethal of unknown function 5 (Slx5) and Slx8), which are enriched at NPCs. This may fix damage through SUMO-dependent substrate recognition, ubiquitylation and proteasomal degradation 22 . ONM, outer nuclear membrane; Ub, ubiquitin.
additional factors implicated in G1 phase anchoring. These findings suggest that, at least in the absence of Sir4-Ku80 interactions, Ku80 may cooperate with telo merase in an alternative telomere tethering (ATT) process during S phase.
This telomerase-mediated recruitment of a tagged chromatin locus to the nuclear envelope does not depend on NPCs but seems to rely on Mps3 (REF. 24 ), which is also required for perinuclear telomere anchoring in S phase cells 24, 37 . Interestingly, the proper function of the SIr complex on chromatin seems to be required for ATT, but it is unclear why this is the case. Importantly, expression of the N terminus of Mps3 can act in a dominant-negative manner and disrupt ATT. Cells lacking the ataxia telangiectasia mutated (ATM) kinase homologue telomere length regulation 1 (Tel1) have reduced SIr complex localization to telomeres and were thus predicted to be more dependent on ATT, especially as a fairly robust telomeric silencing is maintained in these cells 24, 89 . Indeed, introduction of the dominant-negative Mps3 fragment in Tel1-negative cells leads to unprotected hyper-recombinant telomeres and a senescence-like phenotype 24 . These findings suggest that Mps3 may cooperate with telomerase to mediate perinuclear telomere anchoring and to suppress aberrant recombination events at telomeres, especially in cells with deficiencies in Sir4-based telomere anchoring pathways. Consistent with a broad role for Mps3 in yeast genome stability, double strand breaks (DSBs) are sequestered to the nuclear periphery through a process requiring Mps3 and the transient action of sumoylated histone variant H2A.Z to guide efficient DNA repair 23, 56 . Together, these studies highlight the key role of perinuclear proteins such as esc1 and Mps3 in DNA organization, chromatin silencing and genome stability (TABLE 1; FIG. 3b) . The existence of several partially overlapping telomere tethering pathways highlights the importance of this process.
How does perinuclear localization promote genome stability? The simplest mechanism may be that the nuclear membrane acts as a large solid support, allowing cells to control the radial distribution of many genetic loci relative to each other and to other nuclear components. For example, perinuclear tethering can stabilize DNA repeats by limiting their exposure to nucleoplasmic recombination factors, by spreading the repeats along the INM to limit recombination-promoting long-range interactions between different DNA units, and by keeping sister chromatids properly aligned during replication to limit unequal recombination events (FIG. 2; FIG. 3) . It is important to note that the tandem arrangement of DNA repeats on the same chromosome or the clustering of different chromosomal domains such as telomeres allows for the co-regulation of genes or chromosomal domains. In addition, such arrangements can promote beneficial recombination events by promoting genetic diversity in the cell population under stress. Such beneficial recombination can occur at telomeres following telomerase deletion and can alter the size of rDNA repeats under stress 90, 91 . Thus, repetitive loci are arranged in a manner that promotes co-regulation and limits aberrant recombination while being conducive to beneficial recombination.
Cytoskeleton−DNA bridges recently, a series of interactions that reach across the nuclear envelope and link the cytoskeleton to chromatin have been identified. A group of integral membrane proteins located in the ONM harbour a highly conserved nuclear lumenal domain called KASH (klarsicht-Anc1-SyNe homology) and associate with the cytoskeleton. In S. pombe, worms, flies and mammals, lumenal KASH domains also interact with the INM-localized SuN domain proteins, which interact with chromatin as described above 13 .
INM−ONM connections: nuclear integrity. Given that SuN domain proteins can interact with chromatin, SuN-KASH protein interactions constitute a link that stretches across the nuclear envelope and connects the cytoskeleton to DNA. In S. pombe, the KASH domain proteins karyogamy meiotic segregation protein 1 (Kms1) and Kms2 and the SuN domain protein Sad1 physically link the cytoskeleton to heterochromatinassociated peri-centromeric chromosome domains 14 ( TABLE 1; FIG. 4a) . Importantly, disruption of centromeric heterochromatin weakens the ability of these transmembrane linkages to withstand cytoskeletal forces exerted on the nucleus, leading to nuclear deformation and sometimes even to the generation of nuclear membrane foci in the cytoplasm. These findings reveal that INM-ONM bridges linking the cytoskeleton to key chromosomal sites are crucial to the balancing of subcellular forces as well as to the maintenance of nuclear structure and overall genome integrity.
INM−ONM connections: meiotic chromosome pairing.
Haploid yeast cells can bud or fission by progressing through the mitotic cell cycle, which is also called the vegetative cell cycle, to generate two haploid cells. Following the mating of two haploid cells of the opposite mating type, the emerging diploid yeast cell can follow a meiotic cell cycle to generate four haploid daughter cells. In the meiotic cell cycle, DNA replication is followed by two rounds of cell division. In addition to the above described roles in the mitotic cell cycle of yeast, SuN-KASH domain interactions also have important roles in cells engaged in the meiotic cell cycle. The bundling of meiotic chromosomes through their telomeres results in the formation of a 'bouquet' arrangement, which pairs homologous chromosomes, thereby ensuring recombination and progression through meiosis. In S. pombe, activation of meiosis results in the induction of genes encoding two proteins, bouquet formation protein 1 (Bqt1) and Bqt2 (REFS 92, 93) . Together with Bqt3 and Bqt4, these ubiquitously expressed Bqt proteins connect telomere-associated factors (repressor and activator sitebinding protein 1 (rap1) and Taz1) to the SuN domain protein Sad1 (FIG. 4b) . These connections are crucial for the localization of telomeres to the nuclear periphery, bouquet formation and progression through meiosis, and Sad1-Kms1 interactions are thought to translate cytoskeletal forces to chromosome movements in the nucleus 92 ( to be driven by forces transduced through the nuclear envelope of S. cerevisiae 95 . In addition, similar cytoskeletal forces are relayed across the nuclear envelope by SuN-KASH interactions to coordinate meiotic chromosome pairing and synapsis in worms 96, 97 (TABLE 1) . Thus, these forces are likely to be widely conserved, especially as the clustering of meiotic telomeres and other chromosomal regions at the nuclear periphery requires SuN domain proteins, such as Mps3 in yeast, worms, mice and rats [98] [99] [100] [101] [102] (TABLE 1) .
Interestingly, if the roles of SuN domain proteins in the meiotic and vegetative cell cycle are similar, Mps3 might also cooperate with ONM proteins to translate cytoskeletal forces into a dynamic reorganization of telomeres or other loci during vegetative growth. Similar to meiosis, this reorganization might promote or prevent the occurrence of recombination events or chromosome maintenance steps depending on genome status. Taken together, these studies reveal that interactions between INM and ONM proteins provide a direct mode of communication between the cytoskeleton and the nucleus. This suggests that the nucleus and cytoplasm can exchange information without transporting factors through NPCs.
nPCs, lamins and Dna stability In addition to the LeM, SuN and KASH domain proteins (TABLE 1) , the involvement of NPCs -the most conspicuous nuclear envelope structures -and lamins in genome function are under intense investigation.
NPCs and subtelomeric DNA repair. A role for NPCs in telomere anchoring, silencing and stability has been the focus of several studies. The initial proposal that NPCs anchor chromosome ends to the periphery was met with skepticism as telomeric clusters do not significantly localize to nuclear pores under normal conditions. In addition, data from different studies did not agree on the role of the NPC proteins myosin-like protein 1 (Mlp1) and Mlp2 in perinuclear anchoring and transcriptional silencing of telomeres in yeast [103] [104] [105] . Although these proteins are now thought to be more important for telomere length control than general telomere anchoring or silencing, a recent study suggested that a core NPC subcomplex called Nup84 might at least contribute to the anchoring of some telomeres at the nuclear periphery 26, 104 . Nup84 is a conserved sevensubunit subcomplex, and several Nup84 subunits behave like Sir4, esc1 and Ku proteins in that they are required for the perinuclear localization of the left arm of chromosome XI of S. cerevisiae. Interestingly, deletion of Nup84 components also abrogates the ability of cells to repair DSBs by non-homologous end joining (NHeJ) only when artificially generated in the subtelomeric region of the chromosome (TABLE 1; FIG. 3a,c) . In addition, the severity of telomeric silencing and repair defects did not always correlate in cells lacking Nup84 subunits or esc1, suggesting that perinuclear subtelomeric silencing and repair may be separable 4, 26 .
DNA damage targeted to NPCs. A study conducted in S. cerevisiae reported that the induction of a DSB at a modified MAT locus, which is somewhat randomly located in the nucleus, can result in the relocation of the damaged locus to the NPC. Importantly, NPC association occurs only when donor sequences, which can be used as a template for repair by homologous recombination, are not available 22 . The constraint of the tagged locus increased over time after DSB induction. When synchronized cells were subjected to conditions promoting DNA polymerase stalling, early firing replication origins remained randomly distributed in the nucleus unless replication fork breakage was enhanced by treating cells with additional toxic agents. This led the authors to propose that replication fork-associated breaks, rather than DNA polymerase stalling alone, induce perinuclear targeting to prevent genomic havoc. In addition, the damaged locus is recruited to Nup84, which itself interacts in a damage-independent manner with the small ubiquitin-related modifier (SuMO)-targeted ubiquitin ligase (STubL) complex (composed of synthetic lethal of unknown function 5 (Slx5) and Slx8). The STubL complex is stimulated by SuMOmodified substrates, harbours SuMO-interacting motifs and forms SuMO-dependent nuclear foci, including DNA repair centres. recruitment to the NPC 
Facio-scapulo-humeral muscular dystrophy
A common form of muscular dystrophy that is characterized by the progressive weakening or loss of skeletal muscles. Common locations of these weaknesses at disease onset are the face (facio), shoulder (scapulo) and upper arms (humeral).
was dependent on mitosis entry checkpoint 1 (Mec1) and Tel1, which are kinases typically recruited to DSBs to trigger repair and delay progression through the cell cycle in S. cerevisiae. Disruption of Nup84-STubL complexes results in an increased formation of spontaneous DNA repair foci and gross chromosomal re arrangements, suggesting that this complex resolves DNA damage at collapsed replication forks (FIG. 3a,d) . This led to a model in which collapsed replication forks may be localized to the nuclear periphery to allow the Nup84-anchored STubL to target key substrates for ubiquitin-dependent proteolysis 22 (TABLE 1; FIG. 3d ). This is thought to promote a specialized form of DNA repair at the nuclear periphery in order to rescue damaged replication forks. Future work should help reveal the exact role or substrate of STubL at the nuclear periphery and the nature of this specialized form of DNA repair. Interestingly, the damaged MAT locus relocated to the nuclear periphery at sites other than telomere clusters 22 . Consistent with this, the artificial damaging of telomeres does not disrupt their perinuclear localization but, instead, causes the damaged domains to move closer to and interact with NPCs 22, 27 (TABLE 1) . These findings suggest that damaged loci, whether attached to the nuclear envelope or not, may be targeted to NPCs for repair in S. cerevisiae.
Taken together, these studies suggest that NPCs are crucial components of DNA repair processes at the nuclear periphery. How does the NPC carry out this function? It may be that key forms of certain repair factors, such as STubL, are specifically enriched at NPCs. Another possibility is that the NPC acts as a solid support, allowing the formation of chromatin structures that are conducive to DNA repair or replication fork rescue. Such functions would not be mutually exclusive and, irrespective of the precise mechanism, these findings suggest that NPCs define subnuclear locations with important roles in DNA damage repair in S. cerevisiae.
Lamins and genome integrity. The nuclear periphery has also been linked to the maintenance of genome stability in mammalian cells. Although most mammalian telomeres localize to the nuclear interior, lamin-associated DNA domains are present at several subtelomeres, and A-type lamins were found to target subtelomeres containing repetitive DNA sequences called D4Z4 repeats to the nuclear periphery in human cells 6, 21 . Interestingly, the number of D4Z4 repeats seems to be lower in patients affected with autosomal dominant facio-scapulo-humeral muscular dystrophy, suggesting that perinuclear telomere targeting defects may contribute to this disease 6 . Another study reported that 20% of telomeres in mouse embryonic fibroblasts localize to the nuclear periphery 7 . The loss of A-type lamins results in defects in telomere length, telomeric heterochromatin structures and telo mere processing by NHeJ, but it is unclear if these effects are related to direct lamin-telomere interactions at the nuclear periphery 7 . Thus, similar to LeM, SuN and KASH domain proteins, lamins and NPCs are key perinuclear factors that interact with various chromosomal domains to regulate transcription and protect the genome.
A general role for lamins and NPCs in genome stability is also supported by several other studies. Human lamins are preferentially linked to chromosomal regions that are characterized by low transcriptional activity and thought to constitute architectural units of interphase chromosomes 21 . Lamin mutations linked to laminopathies are associated with severe losses in the structural integrity of the nucleus and with subnuclear chromatin organization defects 15 . In addition, lamins have been linked to various transcription regulatory programmes, including the sequestration of transcription factors in inactive complexes at the nuclear envelope 106 . In yeast, mutations in NPC subcomplexes are synthetic lethal, with mutations impairing homologous recombination, rendering cells hypersensitive to DNA damaging agents and inducing spontaneous DNA damage 107, 111 . Taken together, the above studies suggest that lamins and NPCs are crucial for eukaryotic genome integrity. Whether membrane-bound (pink) or not (blue), loci in crisis are relocated to nuclear pore complex (NPC)-associated repair centres (2) . The subnuclear relocation of a locus located in a dense chromosome domain may influence the subnuclear relocation of many loci in the same chromosomal region or in surrounding nuclear neighborhoods (3 and 4; chromosome domain in (3) is denser than that in (4)). The cytoskeleton modulates chromosome dynamics through INM-outer nuclear membrane (ONM) protein connections (5) . b | Molecular interactions linking DNA to the nuclear envelope. DNA-binding adaptors recruit chromatin to the nuclear periphery by relying on various complexes including silencing complexes and INM proteins. Whereas the loss of silencing proteins disrupts tethering, deletion or disruption of INM proteins abrogates anchoring and promotes aberrant recombination events, but does not always affect silencing. INM proteins may not always rely on interactions with ONM proteins to move DNA in the nucleus. In yeast, these connections are maintained in the absence of lamins. c | Damaged loci or genomic regions with persistent double strand breaks (DSBs) are relocated along the nuclear periphery or from an internal nuclear location to NPCs, which mediate specific forms of DNA repair and protection.
Synthetic lethal
A genetic interaction in which the deletion of two genes at the same time results in lethality. An organism in which one gene is deleted and the other gene is present will still be viable.
Concluding remarks
Genome spatial organization is controlled by processes that involve interactions with the nuclear periphery (FIG. 5a) . The impact of the nuclear periphery on the genome is exerted at least partially by INM proteins, NPCs and cytoskeletal components. In particular, INM proteins and lamins are emerging as tethers for chromosomal domains and can prevent or minimize damage to DNA 4, 24, [37] [38] [39] (FIG. 5b) . However, NPCs seem to take over once a genomic locus accumulates significant damage 22, 23, 26, 27 (FIG. 5c) .
The findings discussed here highlight the role of the nuclear periphery in chromatin silencing, genome stability and progression through the cell cycle. How these processes are coordinated in the nucleus, integrated with nucleoplasmic genome organization and affected during cell division are only some of the key questions that remain unanswered. Is all DNA movement random or is it guided? Although several studies point to a role for actin and myosin in the movement of genomic regions over long distances, random DNA movement has also been observed [112] [113] [114] . Moreover, various non-coding rNA molecules are transcribed from many of the genomic regions with stability that is maintained by perinuclear localization 115 . In addition to modulating chromatin structure 115 , these rNA molecules may have roles in locus clustering and perinuclear localization. Further characterization of perinuclear networks will probably uncover many of the secrets of non-random genome organization and its role in gene regulation, genome stability and disease.
